Abstract: It is of great practical significance to construct a water-based ecological network in arid and semi-arid areas. The spatial distribution of water resources is one of the most important factors in determining the ecological stability of such areas. In this study, groundwater level trends were analyzed with a model called Empirical Mode Decomposition (EMD). The temporal and spatial evolution of groundwater depth data from 1990 to 2016 were analyzed. The surface water bodies were analyzed using a point pattern analysis method. Based on this, a water-based ecological network was constructed with a minimum cumulative resistance surface model. The study indicated that the trend lines for the groundwater tables of 17 wells could be divided into five types in Denko County. The landscape types that changed from a desert landscape to an oasis landscape had a positive impact on groundwater. Precipitation trend was related to the spatial distribution of the groundwater depth, and the spatial pattern of the water nodes was characterized by a small-scale highly aggregated distribution and a large-scale uniform distribution in Denko County. These results suggest that for the stability of arid and semi-arid ecological environments, the appropriate human intervention (such as construction of an artificial oasis) is of great significance. Based on the analysis of groundwater and surface water bodies, a water-based ecological network in Denko County, which consisted of 391 ecological sources and 7360 ecological corridors, was constructed in 2016. The water-based ecological network constructed in this study was more sustainable and stable, and also suitable for arid and semi-arid areas, which is of great practical significance and application value.
Introduction
Desertification has become one of the most serious environmental and socio-economic problems worldwide because of its widespread distribution and harmful intensities [1] , and is particularly serious in the arid and semi-arid areas of Northwest China [2] . In addition, urbanization has also led to the acceleration of desertification; humans play a vital role in this process [3] . For example, well drilling represents an increasing trend in Northwest China where this human environmental interference not only changes the landscape pattern, but also affects the regional eco-hydrological processes. Furthermore, the interaction between eco-hydrological processes and landscape pattern is the most concerning scientific problem at present [4] . The change in ecological hydrological processes has led to the evolution of landscape patterns, and vice versa [5] . In arid and semi-arid areas, groundwater is corridors and can be used to extract different types of ecological networks [33] . The environment in our study area, which is an arid and semi-arid region, is extremely vulnerable and presents ecological corridors; simulated potential ecological corridors deserve extra protection [34] . Thus, all simulated potential ecological corridors in this research are supposed to be placed at a level of vital importance. The key of ecological network construction lies in the selection of an ecological source [35] . Currently, most people would like to choose woodland and nature reserves-possessing better eco-environmental qualities-as the source region [36] . The selection of an ecological source based on land use also considers an ecological indicator system such as an ecological service value. However, research on ecological source selection based on ecological hydrology is scarce [37] . An oasis comes into being with water and a desert without water in an arid region [38] . In accordance with this, the research would use the experience of ecological source selection based on land use, and choose surface water bodies which have existed steadily for many years as an ecological source to construct an ecological network. The change in shallow groundwater has been drastic and unstable in different years in Denko County. Consequently, Denko County is not supposed to be an ecological source even if the shallow groundwater has a great effect on the distribution of vegetation.
After the identification of the ecological sources and the extraction of ecological corridors, a water-based ecological network (an ecological network built on the spatial distribution of groundwater and surface water) was constructed in this study. The spatial distribution of ground and surface water was analyzed and considered for building a water-based ecological network. From a temporal perspective, the Empirical Modal Decomposition (EMD) method was used to analyze the data of the wells [39] . EMD is a method used for decomposing complex, multi-component signals into several elementary oscillations, called intrinsic mode functions (IMFs) [40] . This method performs well when dealing with complex nonlinear signals. From a spatial perspective, the co-Kriging interpolation algorithm was used to obtain the spatial distribution of groundwater depth, and the GIS spatial analysis method was used to analyze the evolution of the groundwater. The surface water body (ecological source) was analyzed using the spatial point pattern analysis method [41] . This method is widely used in the study of vegetation community structure, which can quantitatively analyze the distribution characteristics of spatial points [42] . Currently, the spatial analysis of ecological sources mainly focuses on the importance of the source patches, the connectivity between the sources, and the intensity of the action between the patches. There have been few studies on the spatial distribution of ecological sources; however, the spatial distribution of the ecological source is also important. Therefore, the point pattern analysis method was applied to the study of the spatial distribution characteristics of the source.
In this study, a water-based ecological network was constructed based on groundwater and surface water body networks. This mapping strategy provided us with new ideas for the construction of an ecological network in arid and semi-arid areas, and may assist in creating a potential ecological network. This ecological network is more suitable for arid and semi-arid areas, and in practical applications is the most stable ecological network. Potential ecological networks may not realize actual situations, but are the best way to carry out the repair construction in accordance with the simulated potential ecological network in the future as it has affluent moisture in the potential ecological corridors, and the desert vegetation could survive easily. The results of this study can provide theoretical support and practical significance for ecological environment protection and water resources management in arid and semi-arid areas.
Materials

Site Description and Data Sources
Denko County is located in the terrain surrounded by the Inner Mongolia He Tao Plain, backed by the Lang Shan Mountain, and is northeast of the Ulan Buh Desert (Figure 1 ). The study area is characterized by two distinct landscape types: desert and oasis. Geographically, this region is located between 106 • 09 -107 • 10 E and 40 • 09 -40 • 57 N and is characterized by the Yellow River, where the urbanization process is a major factor in changing landscape patterns, and has large potential for further development. The climate of the study area is described as temperate continental monsoon. The average wind speed is 3.0 m/s, instantaneous maximum wind speed is 28 m/s, average annual rainfall is 143.9 mm, average annual potential evaporation is 2327 mm, average temperature is 7.6 • C, and the frost-free period is 136 days. In 2015, the Denko County farmland forest network construction was completed. The degree of farmland networking is more than 90%. Furthermore, 12.36 million hectares of nature reserves have been built around the Lang Shan Mountain. On the edge of the Ulan Buh Desert, based on the original 154 km of sand prevention forest belt, a 30-50 m wide tree shelterbelt was built. Dust outbreaks also occur frequently and result in serious damage to the surrounding ecological environment. The main reasons include (1) The decline in the groundwater level and a decrease of wetland area; (2) Climate drought and precipitation are scarce; (3) Transition grazing, which is the most important human disturbance; (4) Serious aging of wind breaks and sand fixation forests; and (5) The low development rate of the ecological industry. Among them, the construction of an ecological network based on the first reason is the focus of this research.
The long-term (27 years) monthly Water Table ( WT) depth data from 1990 to 2016, were collected from the Yellow River Administration Bureau of Denko County (YRAB). Seventeen observation wells ( Figure 1 ) have been used for monitoring the groundwater levels. The number of observation wells, with the elevation and coordinates under each sub-administrative district, is provided in Table 1 . The hydrogeological survey data were extracted from the hydrogeological map of the Hetao Basin, which was drawn by the Inner Mongolia Autonomous Region Geological Survey. Landsat Thematic Mapper (TM) images (1990, 1995, and 2000) , Landsat Enhanced Thematic Mapper Plus (ETM+) images (2005 and 2010), and Landsat Operational Land Imager (OLI) images (2016) with little cloud cover were selected as the major data source in this study (http://www.gscloud.cn). The resolution of the Landsat images was 30 m, and all images were captured during summer. The precipitation data of Denko County from 1990 to 2016 were provided by the Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS, version 2.0 final) [43] . The introduction of CHIRPS and the code are given in Appendix A.
Physiography and Hydrogeological Conditions
Most areas in the study area are composed of tertiary and neogene sediments; bedrock exposure only occurs in the north. The main geomorphic types can be divided into the mountainous region, desert, plain, and river. Altitude is 1030-2046 m in Denko County, and the altitude in the southeast is higher than that in the northwest except for the mountainous areas. The northwest area of Denko County, which belongs to the Lang Shan Mountain Chain, is the extension to the southwest of the Yin Mountain. Additionally, there are proluvial fans and the Gobi Desert is in front of the mountain. The central and southern parts of Denko County belong to the Ulan Buh Desert, which extensively covers distributed ground sand ribbons as well as some sand dunes and flat desert. The hypsography in the east and northeast of Denko County is flat. This area belongs to the Yellow River irrigated plain, which is the main agricultural land of Denko County.
The abundant surface water and groundwater is a powerful guarantee for the development of Denko County and its ecological security. The water table (WT) depth of the He Tao area is 0.5-3 m, the WT depth of the sandy area is 3-10 m, and the WT depth in front of the mountain is 3-30 m. The exploitable area of groundwater is 3452.11 km 2 and the groundwater resource reserves are 0.5258 billion m 3 . From the southeast to the northwest (I-I'), as shown in Figure 2 , the water yield property of the aquifer first transitions from 1000-3000 to 3000-5000 m 3 /day; with the gradual close of the Piedmont alluvial fan, the water yields are significantly reduced. In the Lang Mountain area, the water yield property of the aquifer was less than 100 m 3 /day. From the surface to the depth of 200 m underground, most of the soil types are fine sand, which is intermittently intertwined with clay, loam layers, and muddy soil layers. The silty clay layer is mainly distributed in the Yellow River region. Two distinct faults appear in the alluvial area in front of the Lang Mountain. 
Methodology
Empirical Modal Decomposition Model
The long-term WT depth dynamics are presented graphically to explain the dynamic behavior of the groundwater level. Parametric (linear regression) and non-parametric approaches were applied to analyze the hydrological data trends. EMD is an adaptive time series data analysis model, which has been a breakthrough in the analysis of linear and steady state spectra based on Fourier analysis [39] . Fourier spectrum analysis takes the sine function or exponential function as the basis function, and the EMD algorithm can decompose a set of finite long-time series signals into finite IMFs. Compared with traditional Fourier spectrum analysis, the internal mode function is extracted from the signal to be analyzed. This reflects the variation of the data itself and has strong adaptability. Nonlinear and non-stationary process data were also linearized and stabilized, and the properties of the data itself were well preserved during the decomposition process.
EMD decomposes a given signal x(t) into a finite set of mono-component-like components (IMFs), plus a nonzero mean residual r(t).
where im f i (t) is the i-th intrinsic mode function (IMF). To obtain each IMF, an iterative procedure called the sifting process was used. Given an input time series signal x(t) to be decomposed, the sifting process of EMD can be summarized as follows ( Figure 3 ).
(1) Find the local maxima in the original sequence x(t). To better preserve the characteristics of the original sequence, the local maximum was defined as the value of a point in the time series, which is not larger than the previous or subsequent moment. (2) Next, the cubic spline function was used to interpolate, and the upper envelope sequence e max (t) of the original sequence x(t) was obtained. (3) Similarly, the lower envelope e min (t) was obtained. (4) The maximum envelope e max (t) and the minimum envelope e min (t) were averaged, and the instantaneous average value m(t) obtained:
(5) The class normal value sequence h(t) was obtained by subtracting the instantaneous mean sequence m(t) from the original sequence x(t):
For different data sequences, h(t) may or may not be an internal model function as it is dependent on whether it satisfies two necessary conditions of the internal model function, i.e., that the number of extremes is equal to the number of points exceeding 0 or within 1 of the difference in the function h(t). Otherwise, the function h(t) is treated as an original sequence, repeating the above (1)-(5) steps until the h(t) satisfies the definition of the internal model function. Finally, the internal model function IMF was obtained.
EMD decomposes the data into IMF components and a residual component. This residual signal curve represents the trend of the original time series. In this paper, Matlab software (Math Works, Natick, USA) was used to implement the EMD algorithm, and the procedure is referenced in Rilling et al. [44] . 
Co-Kriging Interpolation Algorithm
To virtualize the process, groundwater location datasets were constructed using spatial interpolation algorithms to estimate the surface water networks (or to estimate the missing data). The co-Kriging method was used for the spatial interpolation of measured groundwater data. Additionally, the cross-covariance function and cross-variogram function model were established as per the correlation among the regionalized variables [45] . Variables that were easily observed and controlled were used for the local estimation of variables that were not easily observable.
Based on the conclusions of Ma et al. [46] in Denko County, two synergistic variables that are closely related to the spatial distribution of groundwater are regional evapotranspiration (ET), and the normalized difference vegetation index (NDVI). Therefore, the WT depth data at the point scale was taken as the major variable; ET and NDVI were used as secondary variables.
NDVI is the most commonly used indicator of the status of vegetation health [47] and was retrieved by satellite remote sensing images in this study. The selected satellite datasets were also different due to different times. Landsat 5 TM images were used to calculate the NDVI in 1990, 1995, and 200l; Landsat 7 ETM+ images were used to calculate NDVI in 2005 and 2010, and Landsat 8 OLI images were used to calculate the NDVI in 2016 (Equation (4)) (http://www.gscloud.cn). Six dates of 30 m NDVI were calculated based on red and near-infrared reflectance.
where ρ red and ρ nir are surface reflectance at the red and near-infrared band, respectively. ET was retrieved by using the Surface Energy Balance Algorithm (SEBAL) for land model and satellite remote sensing images. This model was developed from the regional energy budget equation and requires visible, near-infrared, thermal infrared data, and meteorological data combined together [48] .
In the SABAL model, we computed the sub-models including net radiation (R n ), soil heat flux (G), and sensible heat flux (H) for each pixel. The latent heat flux (ET) was acquired as a residual in the energy balance equation. ET is the flux of heat from the earth's surface to the atmosphere that is associated with evaporation or transpiration of water. NDVI, atmospheric emissivity (ε), albedo (α), and surface radiation temperature (T s ) were initially computed to obtain the regional surface radiation balance, R n , followed by the regional surface energy balance. Soil heat flux G was computed by an empirical relation function with R n , α, T s , and NDVI. Sensible heat flux H was obtained by the surface temperature gradient dT. The key variables and formulas of the SEBAL model are shown in Table 2 and the flow chart of the computation of the sub-models using the SEBAL model is shown in Figure 4 . The detailed operation process of the SEBAL model was described in the study of Lihong et al. [49] . Atmospheric emissivity (ε) ε = 1.009 + 0.047 ln(NDVI) -
The surface radiation temperature (K) 
Point Pattern Analysis Algorithm
Surface water body is the area where the WT depth is 0, which has great ecological influence on the surrounding environment. The spatial distribution pattern of the surface water body determines the spatial distribution pattern of the ecological network. In this study, the surface water bodies were extracted from remote sensing images, and converted into point data in accordance with the centroid. The O-ring function was used to describe the spatial pattern of the surface water nodes, and the pairing correlation function (PCF) was used to compute the O-ring function. PCF was derived from the K-function, and the annulus was used instead of the circle in the K-function [50] . This improvement allowed the PCF algorithm to have no cumulative effect. The K-function was formulated as follows:
where n is the total number of water body nodes in the study area A (m 2 ); u ij is the distance between the ith (focal) node and the jth (neighboring) node, where the focal node is located within area A; I i u ij is an indicator function, equaling 1 if u ij ≤ r and 0 otherwise; and W ij is a circular edge-correction, defined as the inverse of the proportion of a circle of radius r, placed over each point within the total study area A. If the entire circumference of the circle lies within A, then w = 1. If g(r) > 1, there were more pairs of points at distance r from each other than expected under a random pattern, which indicated aggregation at scale r. If g(r) < 1, there were fewer points at distance r than expected under a random pattern, showing segregation at scale r, and g(r) = 1 expresses a homogeneous Poisson process (complete spatial randomness, CSR). Node distribution function g(r) is calculated as:
The O-ring function is derived from the PCF function, and O-ring statistics include univariate statistics and bivariate statistics. Univariate O-ring statistics can analyze spatial patterns of single objectives. The formula is as follows:
where w is the width of the annulus; O 11 (r) is the horizontal distribution pattern function; R w i (r) is the annulus whose center of circle is i, radius is r and the width of the annulus is w. Point R w i (r) is the number of water body nodes in this annulus; and Area R w i (r) is the area of this annulus. Programita software (version 2010) (Helmholtz Centre for Environmental Research, Leipzig, Germany) (http://programita.org) was used to complete the spatial pattern analysis of the water body nodes. Single factor analysis of variance and the Duncan method were used for Analysis of Variance (ANOVA) and multiple comparisons. The space scale was set from 0 to 60 km, and the step length was set to 1 km. After 19 Monte Carlo simulations, 95% confidence intervals were obtained, i.e., the upper and lower limit. If the O 11 (r) value was greater than the upper limit, the water body nodes showed a clustered distribution pattern. If the O 11 (r) value was between the upper and lower limit, the water body nodes showed a random distribution pattern. If the O 11 (r) value was less than the lower limit, the water body nodes showed a uniform distribution pattern.
Minimum Cumulative Resistance Surface Model
Ecological networks can guarantee the stability of regional ecological environments in arid and semi-arid areas. Particularly for Denko County, groundwater is the most important factor for the stability of a terrestrial ecological network. Therefore, based on the spatial distribution and the temporal-spatial evolution characteristics of groundwater, the minimum cumulative resistance surface model (MCR) was used to build a potential ecological network based on groundwater in Denko County [51] . The MCR model was proposed by ecologist Knappen of Holland [52] and first used in the study of the species diffusion process and has been widely used in ecological fields such as species conservation and landscape pattern analysis.
The basic formula of the basic ecological resistance model, MCR, is as follows:
where V MCR is the value of the minimum cumulative resistance surface; f is a function of the positive correlation that reflects the relation of the least resistance for any point in space to the distance from any point to any source and the characteristics of the landscape base surface; min denotes the minimum value of cumulative resistance produced in different processes of landscape unit i transforming into a different source unit j; D ij is the spatial distance between landscape unit i and source unit j; and R i denotes the resistance coefficient that exists in transition from landscape unit i. to source unit j. In Denko County, the spatial distribution of green ecological land (natural forest land, shrub land, natural grassland, etc.) is closely related to the spatial distribution of surface water. Surface water body is the area where the WT depth is 0. The abundance of natural vegetation is distributed around the water body, and the farther away from the surface water, the fewer species and quantities of natural vegetation. Based on this and previous studies, the surface water body was regarded as an ecological source in this study [51] .
Different ecological sources have different ecological energy, thus influencing the diversity of the ecological sources. Therefore, this study used the relative energy factor of different levels in the modified MCR model. The ecological sources were graded according to their area, and each level given an energy value. The modified model originates from four factors for the ecological land expansion, including the sources, the source level, the distance, and the base resistance characteristics [51] . The modified formula is expressed as:
where E. indicates the energy factor of the ecological source j; the higher the value of E, the greater the energy of the ecological source.
The ecological network constructed in this study was based on the groundwater and surface water body. Therefore, the spatial distribution data of groundwater and the distance to the water body were selected to construct the ecological resistance surface. The overall flow chart of this study is shown in Figure 5 . 
Results and Discussions
Water Table Dynamics
For water table depth temporal changes, the EMD method was used to analyze the trend of monthly WT depth data over the last 27 years. Taking BG1 as an example, the first panel in the BG1 caption is the initial groundwater depth time series. This time series was decomposed into seven components that contained six IMF components and a residual trend component. IMF1 had the highest frequency and the maximum amplitude, while IMF6 had the lowest frequency and the minimum amplitude. Due to the second panel in the BG1 caption, the IMF1 component showed high frequency and short cyclicality. Figure 6 and the EMD decomposition data for the other 16 wells are provided in Appendix B. The WT depth data of each observation well were processed using the EMD method, respectively. All time series observations were broken down into IMFs and a trend item component. As shown in Figures 7-10 , all the trend curves were nonlinear. For the residual trend curves, the trend lines of the 17 wells can be divided into five types based on the temporal time series patterns.
The first type has a monotonically decreasing curve, including four wells: BG1, BG6, BG12, and BG17. BG1 is in the northeast of Bao Lehao Haizi (Haizi is the name of an inland lake in arid and semi-arid areas) and the south of Ma Mito ditch. BG6 is to the west of Hatton Tao Haizi. BG12 is near the Tucktutu Haizi and BG17 is near the Er Paigan ditch. The four wells are close to the surrounding water body. Furthermore, their WT depths are shallow, mainly concentrated at about 2 m. Their WT depths are affected by nearby water bodies, which also indicates that the water levels around the four wells have declined in the past 27 years. Among the four wells, the degree of declining WT depth in BG12 was the largest, reaching 67.8%.
The second type was where the curve monotonically rose, and included six wells: BG2, BG3, BG9, BG11, BG19, and BG26. BG2 and BG9 are near water bodies, and BG3 is in the woodlands. The average value of WT depth in BG2 = 1.55 m, BG3 = 1.18 m, and BG9 = 2.22 m, which indicates a shallow WT depth. BG11, BG19, and BG26 were situated in cultivated land and their WT depths were greater than two meters. The third type was a curve that showed a trend of decline to rise and included three wells: BG5, BG13, and BG24. BG5 is near the water bodies, BG13 is in the construction land, and BG24 is in cultivated land. The average value of WT depth in BG5 = 2.73 m, and BG24 = 1.44 m. The average value of WT depth in BG13 was greater than BG3 and BG24, and reached 3.37 m. This well is in the downtown area of Denko County. This region is densely populated and a large amount of groundwater is exploited, resulting in the formation of a groundwater funnel in this area.
The fourth type is a curve that showed a trend from rise to decline, which included three wells: BG8, BG16, and BG23. BG8 and BG16 are near natural pastures, and BG23 is in cultivated land. The mean value of these three wells is less than 2 m, and the average value of WT depth in BG8 = 0.95 m. The fifth type is a curve with a trend from rise to decline and rise again, and included only one well: BG14. BG14 is in the nearby woodlands surrounded by cultivated land. The value of WT depth in BG14 = 5.70 m. In addition, the WT depth of this well fluctuated considerably. This phenomenon was caused by the complex geographical environment around this well, i.e., disturbed by human activities, the impact of the Yellow River lateral seepage, and desert expansion.
Spatial Distribution of Groundwater
The average value of the measured data of the WT depth in each year was taken as the main variable. ET and NDVI data retrieved by remote sensing images were used as auxiliary variables. The co-Kriging interpolation algorithm was used to calculate the spatial distribution data of the WT depth. In addition, the spatial distribution data were divided into eight levels. Respectively, Level 1 was less than 2 m; Level 2 was 2-4 m; Level 3 was 4-6 m, Level 4 was 6-8 m; Level 5 was 8-10 m; Level 6 was 10-12 m; Level 7 was 12-14 m; and Level 8 was greater than 14 m. The spatial classification data of WT depth in 1990, 1995, 2000, 2005, 2010 , and 2016 are shown in Figure 11 . The maximum and minimum values of groundwater depth for each year are shown in Table 3 . The minimum depth of groundwater in the study area was about 0.5 m, and the maximum about 20 m. As shown in Figure 7 , Levels 1 and 2 were mainly distributed in farmland irrigation areas, located in the eastern part of the study area. Levels 3 and 4 were in the intertwined area between the desert and the oasis, which was the transitional area. Levels 5 and 6 were mainly distributed in the natural pasture area, which is distributed with natural Acanthus, Artemisia ordosica, Sacsaoul, and Tamarix. Levels 7 and 8 were distributed in the northeastern margin of the Ulan Buh Desert. The surface was mainly distributed with fixed dunes, semi-fixed dunes, and mobile dunes.
From 1990 to 2016, the depth of groundwater in the Piedmont alluvial fan area increased, and the depth of groundwater in the eastern agricultural irrigation area decreased. With years of desertification control, the water level in the northeastern margin of the Ulan Buh Desert has risen gradually.
The areas of Levels 7 and 8 have been significantly reduced. Overall, the annual groundwater level fluctuated considerably.
In addition, there were three representative areas where the groundwater level changed dramatically. The first was the Nai Lun Lake area, located in the south of the study area. In 2010, Nai Lun Lake was built and put into use, and compared to 2005, the groundwater level of this area has risen dramatically. In 2016, there were no Level 3 areas between Nai Lun Lake and the Yellow River.
The second is the Nyankulug Gacha area, located in the western part of the study area. With extensive development of arable land and the construction of the Yellow River irrigation channel, this area has been transformed from a desert landscape into an artificial oasis. From 1995 to 2016, the depth of the groundwater level varied greatly, and the expansion of the Ulan Buh Desert to the north was blocked by the artificial oasis. Thus, the construction of these two regions had a direct impact on the pattern of groundwater in the Ulan Buh Desert, which was of great significance to the improvement of the ecological environment. These results showed that two types of human disturbance (manmade lakes and oasis) can be considered as appropriate human disturbances.
The third is the town center of Bayan Gore. With the acceleration of urbanization, the area of the city has increased annually. This expansion process has had a great impact on the spatial distribution of groundwater. From 1990 to 2016, Level 5 gradually expanded eastward. In 2005, Level 6 began to appear sporadically in this region. Eventually in 2016, a larger area of Level 6 and a small area of Level 7 was distributed in this area. This phenomenon indicates that the groundwater in this area formed a groundwater funnel. Groundwater resources are heavily exploited in urban construction and development, which leads to an increase in groundwater depth. This type of human disturbance (urbanization) is inappropriate human disturbance. The results of this analysis indicated that groundwater should be avoided during the development of urban construction in arid and semi-arid areas. In addition, industrial structures and urban layout should be adjusted to avoid significant impacts on groundwater.
As shown in Figure 12a and Appendix C, precipitation increased from January 1990 to August 1997, and showed a decreasing trend from August 2000 to August 2007. During the period from 2008 to 2016, the precipitation greatly fluctuated and the maximum precipitation appeared in July 2008 (38.597 mm). In July 2008 and August 2014, precipitation appeared as two larger peaks. Overall, however, precipitation declined after August 1997. Precipitation has a pronounced yearly cycle, with peak precipitation in July and August each year, and is scarce in spring and winter. The sum of precipitation from July to August is shown every year in Figure 12b . Among them, the total precipitation in 1995 is the largest; its value is 112.543 mm. The total precipitation in 2008 is the second largest, with a value of 112.543 mm. Figure 11 shows that the groundwater depth in Denko County in 2000 was relatively large compared with the other five years, and the area of Level 1 was also smaller. This phenomenon is likely related to the trend of precipitation, i.e., the total amount of precipitation between 1998 and 2000 was relatively small. In addition, the impact of precipitation on groundwater also showed a hysteresis quality of 1-2 years. After 2015, precipitation was relatively low, which may have led to an increase in groundwater depth. This change will have a great impact on the future stability of the ecological environment of Denko County; therefore, it is particularly important to allocate water resources and ecological planning before the spatial distribution of water resources is affected. 
Point Pattern Analysis of Surface Water
Using the remote sensing image in 2016 as the research material, the spatial distribution pattern of the surface water body was analyzed. First, the surface water bodies were extracted, where the error was within four pixels. A detailed field investigation was carried out. Three types of water bodies, including lakes, ponds and rivers were identified in the study area ( Figure 13 ). Classification and identification criteria included (1) the lake is natural surface water; (2) the pond is artificial surface water; and (3) the river is a band of surface water. Second, the lake and pond surface data were converted into point data. Finally, the O-ring function was used to analyze the spatial distribution of different types of water nodes at different spatial scales. Additionally, Programita software was used for calculation processing.
As shown in Figure 14 , The lake nodes were randomly distributed on the scale of 31-34 km, and clustered at 0-31 km. They showed a uniform distribution pattern after a scale of more than 34 km. The pond nodes showed a clustering distribution at the scale of 0-34 km, distributed randomly at the scale of 34-45 m, and showed a uniform distribution pattern at a scale of more than 45 km. The O 11 (r) curve of the pond nodes fluctuated strongly where it shows an increasing trend at 0-2 km scale, and descended at a 2-4 km scale, then continued to show a downward trend after the upward trend of 4-7 km. In addition, it showed a small upward trend at the 19 km scale. The two types of water nodes showed a clustering distribution at a small scale, and gradually appear randomly with the increase of the scale, and were evenly distributed on the large scale. The peak of the accumulation of pond nodes appeared at a 7 km scale. In Denko County, the expansion of the Ulan Buh Desert, groundwater instability, lack of rainfall, and other factors have directly affected the presence of surface water bodies. The results showed that the water nodes had high spatial clustering characteristics at a small scale. This high agglomeration feature ensured that the water bodies were interdependent. If the spatial distribution of water body aggregation was insufficient, it led to the reduced possibility of its survival. The water bodies are evenly distributed on a large scale. This uniform distribution phenomenon indicated that the water bodies can control and affect the entire study area. The surface water distribution was the result of human activities, vegetation successions, groundwater spatial distribution dynamics, climatic change, and desertification factors. In arid and semi-arid regions, this small-scale highly aggregated distribution and large-scale uniform distribution stabilizes the surface water and the regional environment. The results of this analysis also showed that a more stable ecological network could be constructed based on surface water bodies.
Construction of a Water-Based Ecological Network
Based on the above analysis, it is feasible to build an ecological network based on groundwater and surface water in Denko County. Therefore, based on the remote sensing image of 2016, the water-based ecological network of Denko County was extracted and constructed.
First, water-based ecological sources were extracted and graded. The ecological source was the type of land that had a positive impact on the surrounding environment, was relatively stable, and could output the ecological energy continuously, which is the engine of the ecological network. In arid and semi-arid areas, the distribution of vegetation landscape was directly affected by the distribution of water resources. Therefore, lakes, ponds, and major rivers were identified as ecological sources in this study. The ecological land type and plaque area were used as the discriminant index.
After expert consultation with the actual situation of the study area, the ecological source was divided into four grades. Level 1 included the Yellow River, the main canal, and the lake with an area greater than 10 km 2 . Level 2 mainly included lakes with an area greater than 5 km 2 and less than 10 km 2 . Level 3 mainly included lakes with an area greater than 1 km 2 and less than 5 km 2 . Level 4 included lakes and ponds with an area of less than 1 km 2 .
Secondly, a minimum cumulative resistance surface was constructed. Spatial data of WT depth, multiple buffering data of surface water bodies, and spatial density data of surface water bodies were used to construct resistance surfaces. As shown in Table 4 , the ecological resistance factors were divided into eight grades, and weights respectively given to 1-8. Among them, the multiple buffering data of surface water bodies were calculated by the multiple buffer analysis tool, and the buffer interval was set at 500 m. Additionally, the spatial density data of surface water were also calculated by the kernel density analysis tool with a maximum density of 3.77 and a minimum value of 0. The deletion calculator in the same software was used to calculate the resistance surface, and the result of the stack operation is shown in Figure 15 . Based on this resistance, the modified MCR model was used to calculate the minimum cumulative resistance surface using the cost-distance module. As shown in Figure 15 , the minimum cumulative resistance value was 23,478, and the maximum value is 9,592,550. A smaller cumulative resistance value indicated that the water resources were sufficient and ecological energy easily transmitted [33] . Note: we used 1-8 to represent the different levels of resistance, with 1 being lowest and 8 the highest, which is a subjective determination and not calculated by the MCRM (minimum cumulative resistance model) [31] . Eventually, the potential ecological corridor was extracted and the ecological network constructed. The cost-path module was used to calculate this minimum cumulative resistance surface and to extract the potential ecological corridors, and the results are shown in Figure 16 . We extracted 7360 ecological corridors within the county, and the shortest ecological corridor was 601 m, with the longest potential ecological corridor of 18,615 m. After field verification, the extracted ecological corridor was constructed in practice. A corridor forms the basic element of an ecological network, not only to transfer the stream of landscape flow, but also to act as a zonal ecological source. The extracted ecological corridors were based on the distribution of water resources, therefore, the construction of the vegetation landscape on potential ecological corridors can ensure its ecological sustainable development. This ecological restoration model-based on the spatial distribution of groundwater and surface water-is the most reasonable for use in arid and semi-arid regions. The water-based ecological network in Denko County is shown in Figure 16 where the blue areas represent the ecological source; and green represents the ecological corridor. 
Discussions on the Reliability of the Main Results
The spatial distribution of groundwater is intertwined with the landscape patterns on the ground. The study area is a typical arid and semi-arid area, and its landscape pattern is greatly disturbed by human beings. The study area was divided into desert and oasis areas [53] . The oasis area has many artificial irrigation ditches. During the irrigation period, sufficient water in the ditch resulted in a significant rise of the groundwater level. The construction of an artificial oasis had a great impact on the spatial distribution of groundwater such as the first and second representative areas described in Section 3.2. The changes in the landscape pattern of these two regions had a positive effect on the spatial distribution of groundwater. However, the urbanization of the third representative area had a negative impact on the spatial distribution of groundwater. In summary, appropriate human disturbances (such as the construction of an artificial oasis) can be of great significance to the stability of arid and semi-arid ecological environments.
The current spatial distribution pattern of lakes has been formed by several diversions of the Yellow River watercourse over thousands of years. The lakes that are still present are the result of natural selection. Their spatial distribution represents the pattern that best fits the current environment. Based on the results of the point pattern analysis in this study, the spatial patterns of water nodes are characterized by a small-scale highly aggregated distribution and a large-scale uniform distribution. This pattern was the same as the findings of other research on plant communities [54] , animal communities [55] , and virus distribution [56] , and is prevalent in natural and even human social networks. This small-scale clustering distribution and large-scale uniform distribution can ensure the sustainable and stable development of a community.
There have also been many studies on the construction of ecological network patterns, mostly focusing on the construction of the ecological network in cities or typical areas [12, 57] . The minimum cumulative resistance surface model is widely used in the study of ecological network pattern construction [58] . For different types of ecological networks, the index system used to build the resistance surface varies. Based on the environmental characteristics of arid and semi-arid areas, spatial data of WT depth [59] , multiple buffering data of surface water bodies, and spatial density data of surface water bodies were used to construct resistance surfaces in this study. In contrast to other studies, indicators such as vegetation coverage were not added to the index system [60] as all vegetation in arid and semi-arid areas must rely on water resources to survive. The real ecological source is the surface water body, and the real factor that hinders the flow of ecological energy is the spatial distribution of water resources. Therefore, the water-based ecological network constructed in this study is more sustainable and stable, and it is also suitable for arid and semi-arid areas, which is of great practical significance and application value.
The limitation of this method in this paper is the determination of the resistance factors, and the resistance surface is the simplification of the reality, which inevitably leads to deviation from the actual situation. The land use data, groundwater distribution data, soil type data, and ecological hydrological data should be considered when the feasibility of the potential ecological network is verified. However, the distribution of groundwater is changing over time. If the distribution of groundwater changes drastically, the structure of the potential water-based ecological network will also change dramatically. The simulation of this change is extremely complex, but it is important to determine the structure of a potential ecological network. A more detailed groundwater hydrology study will be warranted in future research for a better refined understanding of the local flow system. Therefore, how to integrate the eco-hydrological data with temporal and spatial dynamic information into the construction model of the potential ecological network represents a future research focus and challenge.
Conclusions
The WT depth of 17 observation wells from five sub-administrative districts in the Denko County for the period of 1990-2016 were analyzed to determine trends. The spatial distribution of WT depth in 1990, 1995, 2000, 2005, 2010 , and 2016 was analyzed to determine its temporal and spatial evolution.
A 2016 remote sensing image was used as the research material, and the spatial pattern of surface water bodies was studied to analyze the basic conditions for constructing an ecological network. Based on the above study, a water-based ecological network was constructed in 2016. The conclusions of this study are given as follows:
1.
The trend lines of 17 wells could be categorized into five types. The curve of four wells monotonically decreased, and six wells monotonically rose. The curve of three wells showed a trend from decline to rise, and the other three wells showed a trend from rise to decline.
Only one well showed a rise-decline-rise trend. 2.
There were three representative areas where the groundwater level changed dramatically. Among them, the landscape type changed from a desert landscape to an oasis landscape in the first and second representative areas. The changes in the landscape pattern of these two regions had a positive effect on the spatial distribution of groundwater. However, the urbanization of the third representative area had a negative impact on the spatial distribution of groundwater. In summary, appropriate human interventions (such as the construction of an artificial oasis) are of great significance to the stability of arid and semi-arid ecological environments. Furthermore, the precipitation trends were related to the spatial distribution of groundwater depth.
3.
The spatial pattern of water nodes was characterized by a small-scale highly aggregated distribution and a large-scale uniform distribution. This pattern stabilized the surface water bodies and the regional environment. A more stable ecological network was constructed based on surface water bodies.
4.
Lakes, ponds, and major rivers were identified as ecological sources, and the ecological source was divided into four grades. Spatial data of WT depth, multiple buffering data of surface water bodies, and spatial density data of surface water bodies were used to construct resistance surfaces. The 2016 water-based ecological network in Denko County consisted of 391 ecological sites and 7360 ecological corridors.
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Appendix C
The interannual dynamics of precipitation from 1990 to 2016 are as follows. The abscissa represents the month, and the ordinate represents the precipitation. 
